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OPTIMAL  SBtBCTION  OP  FLEXIBLE  PAVEMEJNT  COMPOHEKTS 
INFORMATIVE  ABSTRACT 

Although  seveial  methods  are  a'/ailable  for  the  design  of  flexible 
pavements,  no  existiiig  technique  exjjlicitly  considers  the  optimal 
combination  of  flexible  pavement  coraponents  to  minimize  the  total  in- 
place  cost  of  the  pavement  system.  The  purpose  of  this  systems  analysis 
was  to  develop  a  rational  method  for  the  optimal  selection  of  the  thicknesses 
of  the  various  pavement  conponents.  This  cost  minimization  must  be 
realized  within  the  boundary  conditions  that  are  imposed  by  the  practical 
limitations  of  the  design  parameters. 

The  design  model  consists  of  an  objective  function  and  seven  constraint 
equations.  The  total  cost  of  the  pavement  system  is  quantitatively 
described  by  this  objective  function,  and  a  minimum-cost  solution  is 
obtained  for  each  combination  of  material  costs  and  design  conditions. 
The  various  constraining  eqiations  quantify  the  boundary  ccsiditions  to 
which  the  design  of  a  flexible  pavement  is  subject.  These  physical 
limitations  complete  the  realism  of  the  mathematical  model  in  describing 
the  real-world  situation  of  flexible;  pavement  design.  The  design  model 
was  solved  by  a  modified  linear  programmin?  technique. 

In  developing  practical  solutions  to  the  design  nK>del,  31,680 
optimal  flexible  pavements  were  designed  for  highway  construction 
conditions  indicative  of  Indiana.  The  thickness  requirements  for  the 
various  layers  are  specified  for  each  combination  of  structu3ral  ncmiber, 
minimum  total  thickness,  and  unit  costs  of  pavement  materials.  Cost 
savings  which  range  from  2  to  15  percent  result  in  the  thickness  selection 
of  flexible  pavement  ccxnponents  by  this  design  procedure. 


OPTIMAL  SELECTIOSI  OF  FLEXIBLE  PAViMENT  CCME^MIENTS 

IKTROBUCTION 

The  primary  objective  of  highway  pavement  design  is  to  provide  an 
acceptable  roadway  sorftice  that  can  withstand  the  deteriorating  effects 
of  traffic  and  environment  for  the  service  life  of  the  facility.  In 
addition,  the  pavement  structure  auist  adequately  serve  the  demands  of 
the  road  users  at  an  acceptable  level  of  performance.  A  properly  designed, 
constructed,  and  maintained  pavement  is  a  major  factor  in  providing  eco- 
nomical, efficient,  safe,  convenient,  and  comfortable  highway  travel. 
This  goal  is  an  integral  part  of  the  total  highway  taransportation  pro- 

Although  several  design  techniques  are  available  for  determining 
reasonable  thicknesses  of  flexible  pavenents  to  oatisftr  the  specified 
design  parameters,  no  present  method  explicitly  considers  an  optimiza- 
tinn  of  flexible  pavement  c exponents  to  minimize  the  total  cost  of  the 
pavement  system.  Of  course,  this  cost  minimization  must  be  realized 
within  the  boundezy  constraints  is^osed  by  the  selected  values  of  the 
design  parameters.  The  purpose  of  this  systems  analysis  was  to  develop 
a  rational  method  for  the  optimal  selection  of  flexible  pavement  com- 
ponents . 

The  objective  of  flexible  pavement  design  in  this  investigation  Is 
to  select  the  thictaesses  of  the  various  pavement  C(2Bponents  so  that  the 
total  pavement  cost  is  minimized  within  the  limitatic«s  of  the  various 
design  parameters  for  the  procedure  used  by  the  Indiana  State  Highway 
Commission.  Minimum-cost  thicknesses  are  determned  for  flexible 


pavements  to  satisfy  the  demands  of  traffic  and  environment  on  the 
systffla  of  pavement  structure  and  soil  support.  Therefore,  this  tech<° 
nique  affords  a  practical  and  econonical  solution  to  the  problem  of 
designing  the  thicknesses  of  flexible  pavements.  This  approach  to 
design  emibodies  the  essence  of  sound  engineering. 


CCKCEPTUAL  MODEL 

A  flexible  pavement  distribates  the  traffic  loads  tlurough  a  system 
of  pavement  conjponents  to  the  sdbgrade.  These  pavement  layers  are 
generally  identified  as  surface.,  base,  and  subbase.  Several  different 
thickness  conibinations  of  the  laaterials  coc^rising  the  ^mrious  components 
may  adequately  satisfy  the  structural  design  of  the  highvfay  pavement. 
However,  all  satisfactory  thicikness  arrangements  nay  not  provide  an 
economical  solution  to  the  engineering  probleia  of  pavement  design.  In 
general,  only  one  pavement  structure  is  an  optimal  selection  of  the  flex- 
ible pavement  coi^onents  for  the  designated  design  conditions. 

The  Indiana  State  Highway  Ccsmnission  predicates  the  total  thickness 
of  a  flexible  pavement  go  an  estimated  namber  of  equivalent  l8-kip 
single-axle  load  repetitions  and  on  an  appro;priate  measure  of  the  soil 
support  afforded  by  the  subgrade.  The  combined  effect  of  traffic  load- 
ings and  soil  support  is  denoted  as  a  structural  namber  (SN)  according 
to  the  inte  im  design  guide  of  the  American  Association  of  State  Highway 
Officials  for  flexible  pevementB.  A  nomograph  for  determining  structuml 
numbers  is  presented  as  Figure  1  few  average  terminal  serviceabilities  on 
pxiaary  highways.  Pavement  component  thicknesses  are  then  selected  to 
reproduce  the  specified  structural  number  by  a  linear  combication  of 
layer  thickness  times  its  coefficient  of  relative  strength,  A  minimum 
pavement  thickness  is  eq.aal  to  the  summation  of  the  ccanponent  thicknesses. 

Ctonsideration  of  significant  environmental  factors,  such  as  depth 
of  ftfost  penetration,  may  provide  another  control  on  the  selection  of  a 
minimum  pavement  thickness.  Several  design  procedures  specify  a  minimum 
pavement  thickness  ("S^J   to  account  for  various  influencing  environmental 
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conditions.  The  greater  lainimim  thickness  valae  beccstses  the  design 
requirement. 

In  a  real  sense,  the  loinimum  thicknesses  represent  design  constraints 
and  not  design  objectives.  The  design  objective  is  to  produce  a  flexible 
pavement  system  at  the  least  total  cost  witMn  the  specified  boundary 
ccHiditions.  The  in-plaee  wnit  costs  of  the  con^ponent  materials  depend 
on  the  locale  in  which  the  flexible  pavement  is  to  be  constructed.  In 
addition  to  the  traffic  loading,  soil  support,  and  environment  constraints, 
practical  limitations  on  layer  thicknesses  are  evident  in  highway  COTa« 
straction  practices. 


SESICai  MODEL 

The  optinal  selection  of  flexible  pavement  eoraponents  is  depicted 
}sy  the  following  objective  function: 
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-There  0  =?  -io'sal  cos.,  of  pavement  &yster.i  f dollars  per  aamre   foot). 


■.aiit  cost  of  material  '  i ' 
3  and  dolJLars  per  cubic  :^ 


08-^  ton  for  materials  1,  2,  and 


for  coBspacted 

i  layers; 


D.  s  density  of  laaterial  'i'    (pounds  per  cubic  foot), 

d.  ^  thickness  of  material  "i'   finches), 

1^1  for  bituminous  sxrffe.ce,  2  for  st8.bi 

aggregate  be.se,  and  h  for  granalar  sabc  ...>  ,  ...... 

k.  ^  adjustment  ^ctor  for  increase  in  width  of  --•—  ' 

k.  s  1.00  for  first  layer, 

kp  s  i„o^  for  secord  layer, 

k^  ^-  1.08  for  thirc:  layer,  and 

Itj^  -  1.12  for  fourth  layer. 


Thus,  the  objective  of  this  qptiml  ,.,._.  ,^...'.  o-  ,.. . .  :.e  pavenent  coB^ionents 
is  to  njininize  the  total  cost  of  the  pavement  system.  A  typical  cross-section 
for  a  flexible  pavement  is  shewn  in  Figure  2  in  which  the  various  material 
and  layer  notations  of  the  design  model  are  graphically  described. 

To  quantify  the  botmdary  conditions  to  which  the  optimal  selection  of 
the  thicknesses  of  the  flexible  pavement  ccHJ5>onents  is  subject,  the  fol- 
lowing constraint  equations  are  necessary  to  coiqplete  the  realism  of  this 
design  model „ 
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1.  The  selection  of  layer  thicknesses  imist  satisfy  the  stractuT&X 
ncaib&c  req>iireiaeat. 

a^d^  +  a^dg  +  a^d^  ^  aj^d^  >  SN 

where  a.  ^  coefficient  of  relative  strsngth  of  aaterial  'i'  and 
SN  »  structural  number  for  design. 

2.  The  total  thickness  of  the  flexible  pavement  must  be  at  least 
equal  to  the  minimpn  thickness  vrhich  is  required  by  an 
influencing  environmental  consideration. 

d^^d2+d3*dj^>T^^ 

\rtiere  T  .  «  totaJ.  minimum  thickness  of  flexible  pavement 
^      to  satisfy  environmantal  conditions. 

The  remaining  constraining  equations  are  required  to  account  for  the 

pfaysical  limitations  inherent  in  the  construction  of  the  various  layers 

of  a  flexible  pavement.  The  following  seven  relati cnships  con^lete  the 

mathensatical  representation  of  the  concept  for  the  optimal  selection  of 

flexible  pavement  components, 

3.  The  bituminous  surface  course  of  a  primary  highway  is  at  least 
3oO  in.  in  thickness. 

\  >  3«0 

U.  If  a  stabilized  base  is  selected  for  the  pavement  system,  the 
minimum  thickness  is  U.O  in. 
dg  ^  0  or  >  4,0 

^o  If  a  connoted  a^^gregate  base  is  included  in  the  flexible 
pavement,  a  minimum  thickness  of  U.O  is  necessary  for 
construction  purposes, 
d^  B  0  or  >  U.O 


6o  If  a  granular  subbase  is  specified  from  the  optiiaal  select icxx, 
at  least  a  ^,0-in.  layer  is  required, 
dv  «  0  or  >  U.O 

7.  Becaose  ratting  and  shoving  of  the  pavestent  surface  may  result 
under  hi^  load  repetitions  for  excessive  thicknesses  of  bitu- 
minous mixtures,  the  maximum  thickness  of  the  bituminous  surf)Eice 
is  10.0  in, 

d  <  10.0 

8.  The  maximum  thickness  of  the  stabilized  base  is  established  at 
10.0  in.  because  of  large  vertical  deformations  that  may  result 

in  this  base  coarse  if  excessive  thicknesses  of  bituminous  mixtures 
are  used. 

dg  <  10.0 

9.  An  upper  limit  of  20.0  in.  is  set  for  the  thickness  of  the 
granular  subbase  to  conform  with  present  construction  piractice  in 
the  State  of  Indiana. 

\  <  20.0 

In  sumnary,  the  optimal  selection  of  flexible  pavement  coiaponents  is 
predicated  on  determining  that  minimum-cost  ccmbination  of  layer  thick- 
nesses which  satisfy  the  real  and  practical  constraining  conditions.  The 
selection  of  actual  in-place  construction  costs  enhances  the  mathe- 
matical representation  of  the  flexible  pavement  design  process  and  provid® 
further  econanies  in  the  highway  construction  industry. 
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SOLUTION 

The  final  step  in  determining  the  optimal  selection  of  flexible 
pavement  con^onents  was  to  obtain  a  solution  to  the  design  model.  This 
sdation  optimizes  the  objective  function  and  is  subject  to  the  set  of 
constraining  situations.  The  optimization  process  was  performed  in  two 
stages.  In  the  first  phase,  the  following  six  separate  arrangements 
of  flexible  pavaaent  con^onents  were  optimized  by  a  linear  progrananiag 
algorithm. 

1.  Bituminous  aaxfiBLce  and  stabilized  base; 

2.  Bituminous  surface,  stabilized  base,  and  compacted  aggregate  base; 

3.  Bituminous  sur}!)ace,  stabilized  base,  and  granular  subbase; 

k.     Bituminous  surilace,  stabilized  base,  cong)acted  aggregate  base,  and 
granular  subbase; 

5.  Bituminous  surftice  and  compacted  aggregate  base;  and 

6.  Bituminous  suriUce,  compacted  aggregate  base,  and  granular  subbase. 
These  six  layered  comb5.i^tions  of  pavement  components  represent  all 
possible  flexible  pavement  systems  considered  in  this  optimization  problem. 
The  other  phase  of  the  solution  involved  the  selection  of  that  pavement- 
cco?>onent  arrangenient  which  rdnimizes  the  total  cost  for  the  selected 

unit  costs  of  the  pavement  materials.  This  final  solution  represents 
the  global  optimum,  and  no  better  solution  exists  for  the  specified 
pavement  design  and  material  cost  parameters. 

To  develop  optimaJ.  flexible  pavement  designs  for  primary  highways 
in  the  State  of  Indiana,  the  pavement  materials  shown  in  Tftble  1  were 
incorporated  in  the  design  model.  The  respective  coefficients  of  rela- 
tive strength  and  in-place  densities  are  indicated  in  this  table  for 
the  selected  bituminous  surface,  stabilized  base,  con^iacted  aggregate  base, 


ffl  ^f»*t  tattn  ••rff 


Table  1 
PAVEM3S?T  MATERIAL  SPECIFICATIOKS 
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and  granular  sdbbase.  The  pavement  nsaterials  conform  to  the  speciftcu* 
tions  of  the  Indiana  State  Highway  Coisaission.  The  appropriate  unit 
cost  values  for  the  imterials  in-place  are  saimarized  in  Table  2.  The 
cost  ranges  were  selected  to  be  representative  of  construction  condi- 
tions in  Indiana.  The  range  and  incremental  values  of  cost  specified 
in  Table  2  result  in  192  cost  arrangements  for  the  four  pavement  mater- 
ials. 

The  optimal  selection  of  flexible  i»vement  components  was  developed 
for  15  structural  numbers  and  11  minimum  total  thicknesses.  The  struc= 
tural  nunibers  range  from  2.50  to  6.00  in  increments  of  0.25,  and  the 
minimtim  total  thidtnesses  represent  values  from  13.0  to  23.0  in.  in 
1,0-in,  increments.  Thus,  31,68o  optimal  flexible  pavements  were  designed 
for  highway  construction  conditions  indicative  of  Indiana.  Six  sasagle 
design  tables  are  presented  in  the  Appendix  to  illustrate  the  results 
for  the  optimal  selection  of  flexible  pavement  components.  The  thick" 
ness  requirements  for  the  four  layers  of  a  flexible  pavement  are  speci- 
fied for  each  combination  of  structural  number,  minimum  total  thickness, 
and  unit  costs  of  pavement  materials.  Each  flexible  pavement  section 
fulfills  the  design  objectives  for  the  least  total  cost. 
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Table  2 
UNIT  MATERIAL  COSTS 


8.00  -  11.00,  $/ton 
5.00  -  8.00,  $/ton 
3.00  -  5.00,  $/toi3 
3.00  -  6.00,  $/ca  yd 


1.00,  $/ton 

1.00,  $/ton 

1.00,  $/ton 

1.00,  $/ca  yd 


llf 


mSlGSi   EXAMPLE 

To  Illustrate  the  application  of  the  design  charts,  the  following  ex- 
anple  represents  a  typical  situation  for  the  design  of  a  flexible  pavement 
for  a  primary  state  highway.  The  strength  of  the  sobgrade  is  represented 
by  a  soil  support  valae  of  U.O,  and  the  depth  of  frost  penetration  is  18.O 
in.  in  this  area.  The  traffic  forecast  for  the  design  year  is  estimated 
to  be  325  equivalent  l8-kip,  single-axle  load  applications  per  day.  If  the 
regional  factor  is  equal  to  1.0,  the  structural  number  (S£[)  is  read  as  3,73 
from  figure  1  for  the  specified  subgrade  characteristics,  traffic  loadings, 
and  environmental  conditions.  In  addition,  a  gdnimum  pavement  thickness 
(T  .  )  of  18,0  in,  is  specified  to  provide  a  design  for  full  frost  pene- 
tration. This  constraint  accounts  for  the  environmental  influence  of  frost 
action. 

The  estimated  in-place  costs  for  the  various  available  naterials  are 
$9.00  per  ton  for  the  bituminous  su^r-f&ce,  $7.00  per  ton  for  the  stabilized 
base,  $lt'.00  per  ton  for  the  compacted  aggregate  base,  and  $3*00  per  cu  yd 
for  the  granular  subbase.  Of  course,  the  economics  of  selecting  the  design 
thicknesses  are  enhanced  with  an  accurate  knowledge  of  the  true  construction 
costs  which  are  generally  knwra  only  to  the  contractor.  The  appropriate 
design  chart  for  the  example  cost  wilues  is  Tahle  6  in  the  Appendix.  The 
optimal  selection  of  the  flexible  pavement  components  is  a  bituminous  sur<° 
face  of  5.7  in,,  a  con^cted  aggregate  base  of  U.O  in.,  and  a  granular  sub- 
base  of  8.3  in.  This  best  solution  does  not  include  any  stabilized  base 
in  the  cross-section  of  the  flexible  pavanent  selected  for  this  design  ac- 
ample. 

The  resultant  design  provides  t,he  least-cost  flexible  pavement  which 
is  18.0  in.  in  total  thickness  and  satisfies  the  imposed  structural  and 
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frost-action  constraints.  In-place  cost  savings  of  6  to  17  percent  have 
been  evidenced  in  the  thickness  selection  of  flexible  pavement  coiqponents 
by  this  design  model. 


APPENDIX 


SAMPLE  DBSIGH  TABI.ES 

for 

OPTIMAL  SEI£CTION  OF  FLEXIBLE  PAV5MENT  COMPONERTS 
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